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ABSTRACT 

We have analyzed the soft X-ray emission in a wide area of the Sculptor supercluster 
by using overlapping ROSAT PSPC pointings. After subtraction of the point sources 
we have found evidence for extended, diffuse soft X-ray emission. We have investigated 
the nature of such extended emission through the cross-correlation with the density of 
galaxies as inferred from the Miinster Redshift Survey. In particular we have analyzed 
the correlation as a function of the temperature of the X-ray emitting gas. We have 
found a significant correlation of the galaxy distribution only with the softest X-ray 
emission (0.1-0.3 keV) and only for gas temperatures kT < 0.5 keV. We have excluded 
that this soft X-ray diffuse emission, and its correlation with the galaxy distribution, is 
significantly contributed by unresolved AGN, group of galaxies or individual galaxies. 
The most likely explanation is that the soft, diffuse X-ray emission is tracing Warm- 
Hot Intergalactic Medium, with temperatures below 0.5 keV, associated with the large- 
scale structures in the Sculptor supercluster. 

Key words: Large-scale structure of Universe - X-rays: diffuse background 



1 INTRODUCTION 

Cosmological simulations predict the formation at low 
redshifts (z < 1) of a diffuse gas phase with temperatures 
of the order of T ~ 10 5 ' 5 10 7 K and typical densities 10-30 
times the mean baryonic density (although 30% of this gas 
can exceed overdensities greater than 60, and even greater 
than 100 in the proximity of clusters of galaxies). This 
gas phase should be distributed in large-s cale filamentary 
struc t ures connect i ng vir ialized structures llCen fe Ostriker) 
119991: iDave et al.l l200ll) . Such Warm-Hot Intergalactic 
Medium (WHIM) has been identified as the main con- 
tributor to the missing matter in the baryonic census, i.e. 
~ 36 ±11 per cent of the baryons (Fukueita fc Peebles! 
12004) 1 . The formation of these warm gaseous filaments 
is due to the infall of baryonic matter onto the previously 
formed dark matter cosmic web. The gravitational potential 
of the dark matter heats the gas through shocks and 



* Send offprint requests to: zappacos@nabhas.ps.uci.edu 
1 In this value are comprised both the low redshift Lyman a 
forest and the OVI absorbers whose indipendent contribution to 
the cosmic baryonic fraction is still subject to uncertainties due to 
the possible double counting of the absorbers, since both phases 
can coexist in the same systems. 



triggers the formation of galaxies. The WH IM can be 
obser ved in the soft X-rays (below ~ 2keV; ICroft et alJ 
l200ll) as low surface brightness structures. The detection 
of its radiation is very difficult because of many Galactic 
foregrounds (such as the Local Hot Bubble -LHB- and the 
Galactic halo) and extragalactic background due AGNs, 
groups of galaxies and clusters. Simulations and X-ray 
background studies have shown that the WHIM contin- 
uum emissivity below 2keV is roughly of the same order 
of magnitude as the Galactic foregrounds. More specif- 
ically F0.5 2kev (WHI M) ss TkeVs " 1 c m" 2 sr " 1 keV" 1 
ICroft et all l200ll : iKuntz et all 1200 ll) and 
F . 2 -o.3kev(WHIM) w 15keVs- 1 cm- 2 sr- 1 k eV~ 1 (Croft 
privat e communication). Within this context, IPierre et alJ 
(2000) showed, from simulated observations that XMM can 
observe strong filaments up to z ~ 0.5 in the 0.4 — 4keV 
energy ban d. 

ICen et ail <ll995l) pointed out that this gas phase should 
also emit characteristic spectral lines mainly due to Oxygen, 
Neon and Iron ions. The level of emissivity of these spectral 
features is below the sensitivity and spectral resolution lim- 
its of the current X-ray instruments. However, cosmological 
simulations show that these lines will be detectable with 
the future generation of X-ray satellites lYoshikawa et all 
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Figure 1. The position of the 10 partially overlapping ROSAT 
PSPC pointings in the region of the SSC. For each pointing the 
ROSAT observation ID and the exposure time are shown. The po- 
sition of the South Galactic Pole (SGP) is also shown. The three 
deepest pointings (that will be used for the subsequent quantita- 
tive analysis) are identified with thick circles. 



sity is low enough (N H ~ 1.5 ± 0.2 x 10 20 cm" 2 ) to avoid 
significant effects of patchy absorption t hat could mimic a 
patte rn of apparent X-ray structures (see lZappacosta et alJ 
2002, for more details ) . The SS C has already b e en ob - 
served by ISpiek crman 3 <199d) and lObavashi et al] fcOOCft . 
using R OS A T and ASCA data, with the purpose of detecting 
large-scale X-ray diffuse emission. They did not find indica- 
tions for_emission extended in large-scale structures. How- 
ever, ISpiekermannl focused the analysis to the relatively en- 
ergetic bands at 0.5 — 3 keV (without investi gating the corre- 
lation with the galaxy distribution), whereas |Obavashi et al] 
observed in an even harder band (0.8— 10 keV) and by using 
pointings centered on clusters with the goal of detecting hot 
diffuse emission in their outskirts. 

In this paper we present evidence for a correlation be- 
tween the galaxy distribution and soft X-ray emission in the 
central region of the SSC. In particular we show that galax- 
ies and the softest X-ray emission (< 0.3 keV) correlate in 
regions with gas temperatures kT< 0.5 keV. This finding 
is interpreted as WHIM emission associated with the large- 
scale structures in the SSC. 



l2003l:lFang et al]l2004) . 

Various detections of (continuum) WHIM emission have 
been claimed, either obtained by ob serving soft X-ray 
structures in galaxy overdense regio ns Jgcharf et al-l boOO; 
iBaechi et al.ll20o3 : IZappacosta et al.ll2002l) , or by detecting 
a sof t X-ray excess in c l usters of galaxies iKaastra et al] 
|2003j^_|FmogU£nov et al] [200St. or in the ir proximity 
jTittlev fc Henriksenll200ll: ISoltan et al]l2002T l. or through 
shadowing effects (|Bregman fc Irwinl l2002T These observa- 
tions have been possible by means of X-ray satellites very 
sensitive to low energies (< 1-2 keV), such as ROSAT and 
XMM. 

Theoretical works had predicted that the WHIM should 
be detectable through UV and X-ray absor ption lines im- 
print e d on the spectra of b ackground QSOs llHellsten et al] 
Il998l: iPerna fc Loebl Il99gl) . The detectability of such ab- 
sorption features does not depend on the brightness of the 
filaments but on their column density and on the brightness 
of the background QSO. So far several detections have been 
reported through X-ray and far-UV ab sorption lines probing 
the hot and cool phase of the W HIM jNicastro et al]|200 j 
lTripp|l2002l : iMathur et alll2003l) . 

Simulations show that the WHIM should be distributed 
in filamentary structures extending over several tens of Mpc 
and connecting clusters of galaxies. Therefore, superclusters 
(hosting several clusters) are optimal regions where WHIM 
is more likely to be detected. In thi s work we focus on the 
Sculptor sup ercluster (hereafter SSC. ISchuecker fc Ottll9'9ll : 
ISeitterlll992T) . This is one of the richest local superclusters, 
comp rising more than 20 clusters of galaxies llEinasto et al] 
1997) spread over a projected length of more than 140 Mpc 
at a redshift z ~ 0.105 2 . It is located in the south Galac- 
tic pole, a region where the Galactic hydrogen column den- 



2 DATA DESCRIPTION 

Our aim is to detect the WHIM over the central region 
of the supercluster (8.3 x 6.4 deg 2 corresponding to 57 x 
44 Mpc at z = 0.105) which is populated by more than 15 
Abell clusters. We considered 10 PSPC partially overlap- 
ping pointings taken from the ROSAT archive and which 
cover the core of the SSC (see Fig. 0. Unfortunately, the 
exposures of these pointings are not homogeneous, ranging 
from ~ 4 to ~ 24 ksec. As a consequence, our quantitative 
analysis will be restricted only to the three deepest fields 
(i.e. those with exposures > 18 ksec, represented with thick 
circles in Fig. . 

To map the galaxy density distribution in the SSC we 
have used data from the Miinster Redshift Project (M RSP, 
ISeitterll99ilSpiekermann et alll994IUngruhe et all2003l) . 
The MRSP is a catalog of galaxies obtained by scanning di- 
rect and very low-dispersion objective-prism Schmidt plates 
over a wide region (5000 deg 2 ) in the south Galactic hemi- 
sphere. We have produced a catalog of all objects identi- 
fied as galaxies to a limiting magnitude tf ~ 20. 5 3 . The 
MRSP catalog is suitable to investigate the SSC just because 
the ph otographic pla tes, where redshifts have been esti- 
mated ]Ungruheil 999). efficiently sampl e objects at re dshift 
z = 0.1 (see the red shift histograms in ISpiekermann et al] 
ll994tlUngruhe!ll99^ . 

X-ray d ata have been r educe d by using the software 
described in ISnowden et all |l994), which allows a careful 
removal of the instrumental background and recovers the 
effective exposure of each region in the field of view. This 
careful treatment of the data is optimized to detect faint dif- 
fuse structures. Moreover, the high sensitivity below 0.3 keV 
combined with the large field of view (~ 2° diameter) make 
the ROSAT PSPC detector the best X-ray instrument to 
detect diffuse soft structures on large scales (even superior 



2 Here and in the rest of the paper we will assume a cosmology 
with H m = 0.3, C A = 0.7 and H = 70Kms _1 Mpc -1 



3 Galactic extinction in this region affects xp by at most 0.04 
magnitudes. 



Warm-Hot Intergalactic Medium in the Sculptor Supercluster 3 




Figure 2. Comparison between structures detected in the distribution of galaxies and in the X-ray ROSAT bands. Structures are found 
with a wavelet algorithm and are significant at Aa and their extension followed down to la. The top panels show the projected density 
of galaxies (left) and R2 flux (right) over the whole field covered by the 10 ROSAT pointings. Crosses represent clusters members of SSC 
and the ellipse at the top indicates the location of the large starburst galaxy NGC 253. The bottom panels show (from left to right) the 
R2, R45 and R67 band maps for the three deepest fields; contours indicate significance levels of 2a, 3a and Aa. 



to XMM). We have detected and subtracted point sources 
(and the few known clusters) f rom the X-ray image bo th by 
using the SExtractor software (Bertin & Arnouts 1996) and 
by means of a wavelet algorithm dVikhlinin et al.ll99ct) The 
first method identifies point sources in all energy bands by 
increasing the size of the detection filter as a function of the 
off-axis angle, to account for the increasing ROSAT PSF 
with off-axis angle. The second method makes use of the 
wavelet transform to identify structures on various angular 
sizes. The latter procedure does not account for PSF varia- 
tions, which were then considered a posteriori. The d e tails o f 
both procedures are described in IZappacosta et al.l i2002j) . 
In the rest of the paper we will use the second method for 
qualitative considerations and the first one for quantitative 
analysis. 



In order to compare X-ray data with the galaxy catalog 
we have generated a map of the projected density of galaxies. 
We have used pixel sizes of 2' x 2' in order to have an average 
number of galaxies per pixel of about ~ 1. Moreover, to 
obtain a better comparison, we have smoothed the galaxy 



density images with a gaussian kernel that radially increases 
like the PSPC PSF. 



3 A GLANCE AT THE SCULPTOR REGION 

Fig- HI shows a comparison of the structures found with the 
wavelet algorithm both in optical and in the three ROSAT 
bands and, more specifically (see also Table [TJ: 0.14-0.284 
keV (R2; the \ keV band), 0.44-1.21 keV (R45; the § keV 
band), 0.73-2.04 keV (R67; the 1.5 keV band). The upper 
panels show the projected density of galaxies and the \ keV 
flux for all the pointings. The lower panels show the X-ray 
flux in the three ROSAT bands focused onto the region of 
the three deepest PSPC pointings (see Fig. . Contours at 
significance levels from 2a to 4cr (spaced by 1<t) are shown 
in the latter. 

Both galaxies and gas show large-scale structures in- 
cluding clusters of galaxies and filamentary structures con- 
necting them. There is also a lot of X-ray diffuse emission not 
clearly related to visible structures in the galaxy map, which 
could be due to foreground by our Galaxy (e.g. LHB and 
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Figure 3. Global spectral shapes (not corrected for Galactic absorption) for the three deepest fields. Panel a): countrate. Panel b): 
countrate normalized per unit area. The solid lines represent the whole flux detected, the dotted lines show the point sources component 
and the dashed lines show the residual flux obtained by the subtraction of the first two. Grey regions in panel a) show the dispersions 
of the spectral shapes over each field. 



Table 1. ROSAT energy bands and conventional notations. 

[b] 



Band 


Range 


Alt. Notation 


R2 


0.14-0.284 keV 


| keV a 


R45 


0.44-1.21 keV 


§ keV 


R67 


0.73-2.04 keV 


1.5 keV 



a The notation i keV is often referred to the 
R12 ROSAT broad energy band. In the fol- 
lowing we will use this notation restricted to 
the R2 energy band. 



Galactic halo) or to a blend of unresolved emission by AGNs 
(mainly in low exposures pointings). A contribution could 
also come from foreground (or b ackg round) superstructures . 
Note that ISpiekermannl Jl99rj) and lObavashi et al.1 |2000) 
focused their searches on the harder X-ray emission (i.e. 
> 0.5 keV) in the region of the ROSAT pointing 800069p 
(see Fig. 0, which is considered the core of the SSC (it 
contains 5 Abell clusters). This region shows diffuse emis- 
sion only for the soft i keV band (i.e. at energies below 0.3 
keV). 



4 SPECTRAL ANALYSIS 

Filamentary X-ray structures connecting clusters are not 
necessarily due to warm-hot gas. They could also arise 
from AGN unresolved emission, as both WHIM and galaxies 
trace gravitational potential wells of dark matter filaments 
JScharf et al.ll2000l: IZappacosta et alJl2002Tl . 
In order to assess the true nature of these filamentary pat- 
terns we need to perform an accurate comparison with the 



distribution of galaxies along with the analysis of the spec- 
tral shape of the X-ray emission. We have to limit our anal- 
ysis to the three deepest fields (700275p, 700133p-l and 
700528p) where we are confident that a larger fraction of 
the AGN contribution to the X-ray background has been 
resolved. 

Fig. [3] shows the spectral shapes measured for these point- 
ings sorted by decreasing exposure times. Fig. [3^ shows 
the countrate, while in Fig. EJ) the spectra are normal- 
ized by the area in each field. Fluxes are not corrected for 
the Galactic Nh absorption (this correction would increase 
the flux in the \ keV band by a factor of ~ 3). Dotted 
lines show the sum of point-like sources detected by SEx- 
tractor, while the solid lines show the total flux in each 
field (shaded regions indicate the dispersions of the slopes 
within each field). The difference between them is the dif- 
fuse residual emission and it is shown with the dashed line. 
We note that the residual soft, diffuse fluxes have values of 
~ 380 x 10 _6 countss~ 1 arcmin" 2 , well above those found 
for the LHB emission through shado wing measurements i n 
the region of the south Galactic pole fenowden et alJl200fJ) . 
which lie in the range 100 -r 300 x 10 _6 counts s _1 arcmin -2 . 
After subtraction of the LHB and after correction for Galac- 
tic absorption, the residual diffuse, extended emission has a 
value of ~ 540 x 10~ 6 ± 300 x 10~ 6 'counts s' 1 arcmin' 2 . 
This residual emission may include both Galactic Halo and 
extragalactic emission due to either unresolved AGNs, clus- 
ters/groups of galaxies and true WHIM emission. We will 
identify and disentangle these various contributions both 
through an analysis of the spectral shape and through the 
correlation with the galaxy distribution. 

As discussed above, a residual component due to un- 
resolved AGNs, or unidentified clusters/groups, could still 
be present even in images with longer exposures. The three 
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ROSAT energy bands can be used to make a color-color di- 
agram, with the goal of separating colors typical of a warm 
gas from unresolved AGNs and clusters. In particular, the 
WHIM is expected to have a softer emission with respect to 
clusters and AGNs. 

Fig.Hshows the [± keV]/[| keV] band ratio (R2/R45) 
versus the [§ keV]/[1.5 keV] band ratio (R45/R67) for dif- 
ferent kind of sources (the ratios are in counts and corrected 
for Galactic absorption). The dotted lines and full symbols 
indicate the behavior of thermal emission (optically thin 
plasma, MEKAL model), at a redshift z = 0.1 and metal- 
licities of 0.1 Zq and 0.3 Zq. The dashed lines and hollow 
symbols indicate colors of AGNs with two different slopes 
(quite typical in the ROSAT band), unabsorbed and with 
intrinsic absorptions of Nh = 1 — 5 x 10 20 cm -2 . The most 
interesting feature inferred from the color-color diagram in 
Fig. 4 is that the R45/R67 ratio ([§ keV]/[1.5 keV]) results 
to be an excellent tracer of the gas temperature. In partic- 
ular, gas cooler than ~0.5 keV (typical of WHIM) is char- 
acterized by R45/R67>2, while gas warmer than 0.5 keV 
(typical of groups and clusters) or AGNs have R45/R67<2. 
Therefore, we have used the ratio R45/R67 to discriminate 
WHIM regions from areas dominated by unresolved AGNs 
and clusters. 

The X-ray emission in the three fields of the SSC in- 
vestigated by us spans a wide range of colors. In particular, 
R45/R67 ranges from ~0.5 (typical of AGNs and clusters) 
to values larger than 2 (typical of WHIM) . 



5 CORRELATION ANALYSIS 

The X-ray colors alone (and in particular the inferred low 
temperatures) do not necessarily allow the identification of 
the diffuse X-ray emission with WHIM, since foreground 
components like LHB and Galactic Halo are also character- 
ized by soft emission and low temperatures. However, any 
correlation between soft X-ray emission and distribution of 
galaxies would support the idea that the diffuse X-ray emis- 
sion is extragalactic and associated with large-scale struc- 
tures. In this section we discuss the correlation between X- 
ray emission and density of galaxies as a function of the 
X-ray color. 

The most widely used criteria to correlate two data sets 
are the Pearson's correlation coefficient r and the Spear- 
man's rank correlation coefficient r s (also known as Spear- 
man's rho). Both assume values ranging from +1 (perfectly 
correlated) to -1 (completely anti-correlated). A null value 
means that the two quantities are not related at all. The 
first correlation coefficient is based on the assumption that 
the data follow a gaussian distribution, while the second 
makes no assumptions, measuring the correlation on ranked 
data (i.e. the data are converted to ranks and then corre- 
lated). The Spearman's rho is a better indicator that two 
variables are correlated when they are tied by a non-linear 
monotonous correlation. 

In our case, cosmological models do not predict how galaxies 
and gas are linked. More specifically, it is not clear whether 
there is a linear correlation between density of galaxies and 
gas emission, or some physical mechanism links the forma- 
tion of galaxies and the gas phase in a non-linear way. There- 
fore, the Spearman's rho is probably better suited in this 



2 







, , , , , y 
■ : thermal emission kT(keV) 
- 0: AGN „ „ 
□ : AGN (intrinsic N H = 10 a ° cirr ! ) / 
A: AGN (intrinsic N H = 5xl0 z0 cm" 2 ) 


t i i | 

- 

0.2,- " " 


_ .'' 0.3 Zq 

,-•'0-1 z a 


- 


0.3/' 

4^ 0.3.'' 




0.4-' 

0,4/ 




0.5- 

0.6' °- 5 " 
~ 0.7- °!| 




9 "1 0.9 M a 

' ' «_ ■ - * 

c* M z AGN (r=2) 

ii 


G 

AGN (r=2.5) 

, 1 



12 3 

JL keV /JL keV 
4 4 



Figure 4. Color-color diagram 

(Ii keV /| keV ] band ratio 

ver- 
sus [| keV/1.5 keV] band ratio) for various classes of sources. 
The dotted lines and full symbols indicate thermal emission 
(MEKAL model), corrected for Galactic absorption, at redshift 
z = 0.1 and metallicities 0.1 — 0.3Zq, for several temperatures 
expressed in keV. The dashed lines and hollow symbols indicate 
colors of AGNs with two different slopes (quite typical in the 
ROSAT band), both unabsorbed and with intrinsic absorptions 
of Nh = 1 — 5 10 20 cm -2 . The three horizontal shaded regions 
correspond to the three temperature bins adopted in Fig. |3 (for 
each of these regions the error on the average colors is shown). 
Note that plasmas with low temperatures (kT<0.5 keV) can be 
efficiently selected through high values of the [| keV/1.5 keV] 
color (larger than ~2). 



case. However, we will also show the Pearson's correlation 
results for comparison. 

We do not expect to find a high correlation between galaxies 
and WHIM. In fact, the three ROSAT bands do not corre- 
late strongly among themselves, with correlation coefficients 
in the range 0.2 -j- 0.3 (that means a low correlation). 

Regions containing clusters would certainly give a 
higher value of r s because they have lots of galaxies and 
high hard X-ray fluxes in small areas. Cooler regions should 
have few galaxies spread over large areas with low soft X-ray 
flux and therefore a low correlation signal is expected. 

We have correlated the galaxy density map with the 
X-ray merged maps. Unfortunately, in this analysis we had 
to reject the 700528p field since it covers a region centered 
at the cross of 4 photographic plates of the Miinster Sur- 
vey, where the galaxy catalog shows clear spatial inhomo- 
geneities. So we are left with the two deepest pointings 
with exposures greater than 19 ksec (fields 700133p-l and 
700275p). Moreover, since we use the ratio R45/R67 to dis- 
criminate between "cold" and "hot" regions, we selected 
those regions with a good signal in R45. In particular, we 
avoided exceedingly noisy regions by selecting the areas with 
the R45 flux higher than Mx — 2ax, where Mx is the me- 
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dian value and ax is the standard deviation over the field 
(anyhow this criterion selects most of the field, and more 
specifically ~ 95 per cent). 

Fig. shows the behavior of the correlation coeffi- 
cient (Spearman's rho and Pearson's coefficients in upper 
and lower panels, respectively) as a function of the color 
[§ keV/1.5 keV] (R45/R67) for the three ROSAT energy 
bands. The temperatures corresponding to this ratio (assum- 
ing a metellicity of 0.3 Zq) are shown in the upper part of 
the graph and indicated in each plot by vertical dotted lines. 
The arrows show the position of the dotted lines in case of a 
metallicity of 0.1 Zq. We have measured the correlation for 
three temperature ranges to probe the "hot" (kT> 0.9 keV), 
"medium" (0.5-0.9keV) and "cold"(kT< 0.5 keV) gas. For 
each range we show the median value of the R45/R67 ratio. 
Vertical error bars show the la confidence on the value of 
the correlation coefficient. 

The results from the two correlation coefficients do not 
differ significantly. The most important result is the find- 
ing of a weak, but significant correlation between the den- 
sity of galaxy and the very soft ~ keV flux, only for regions 
with gas temperature below 0.5 keV (i.e. "cold" regions). 
The correlation coefficient is 0.16-0.17 and significant at 
3er — 3.3<r (depending on the correlation coefficient adopted). 
The correlations with the other ROSAT bands (and other 
temperatures) do not show any significant signal, except for 
a marginal (2.5a) correlation in the "hot" bin of the 1.5 keV 
band (which will be shortly discussed at the end of this sec- 
tion). 

A correlation between galaxy distribution and very soft 
X-ray emission, limited to the "cold" (kT<0.5 keV) regions, 
is just what is expected from WHIM emission which is trac- 
ing large-scale structures. However, there are a few other 
possibilities that could in principle explain the correlation 
in the soft band, as discussed in the following. 

One alternative possibility is that the soft, cold emis- 
sion is directly emitted by the individual galaxies of the 
SSC, or by a sub-population of them which are particularly 
active (starbursts) . In this case the X-ray emission would 
be due to the warm-hot interstellar medium of the galax- 
ies and to their superwinds. In our field there are at most 
0.5 galaxy arcmin -2 . We have made two very conservative 
assumptions: 1) all these galaxies are starburst (and not 
dominated by a mixture of -less active- spirals and ellipti- 
cals); 2) the residual diffuse X-ray emission (due to Galactic 
Halo and extragalactic components) has the minimum value 
of 300 x 10~ 6 counts s -1 arcmin -2 obtained by subtracting 
to the measured X-ray flux the maximum value of the LHB 
(see Section 2J. We have assumed for a starburst a typical 
luminosity of 10 41 ergs -1 in the 0. 5-2 keV energy band (see 
Figures 3-4 in lNorman et alJ [2004) and a spectrum made of 
a thermal component (kT = 0.7 and Z = Zq) plus an ab- 
sorbed power-law (Nh = 10 22 cm -2 a nd T = 0.8) represent - 
ing the X-ray binary contribution (see lNorman et alll2004l) . 
We have estimated that the galaxies should contribute a flux 
of ~ 10 39 ergs" 1 arcmin -2 in the R2 ROSAT band. The lat- 
ter value is a factor of ~ 20 lower than the average diffuse 
R2 flux of ~ 10 40 ' 3 ergs -1 arcmin -2 that we measure in the 
ROSAT maps. This means that the X-ray emission from nor- 
mal and starburst galaxies cannot contribute significantly to 
the correlation in the "cold" regions of the supercluster. 

Another possibility, is that cold groups of galaxies could 



contribute in some way to the correlation in the soft, cold 
regions. Indeed, a fractio n of small groups may have temper- 
atures as low as 0.4 keV llMulchaev et al . 2003). However, as 
discussed in detail in the Appendix, the contribution to the 
coldest gas temperatures due to cold groups (i.e. those with 
kT < 0.5 keV) is at most the 1 per cent of the studied region. 
Therefore, "cold" groups cannot account for the soft X-ray 
emission nor for the correlation found in Fig. 4. Warmer 
systems, such as "hot" groups (kT > 0.5 keV) and clusters 
cannot explain the correlation; indeed these systems would 
give a significant correlation also in the higher temperature 
bins and also in the harder bands. 

Finally, another possibility is that the correlation in the 
soft band, and at cold temperatures, is contributed by clus- 
ters/groups in formation and not yet virialized. These sys- 
tems would have a temperature lower than standard clus- 
ters/groups. However, the distinction between forming, non 
virialized clusters/groups and WHIM is subtle, and probably 
just semantic. Indeed, the definition of WHIM (from a phys- 
ical point of view) is that of a medium associated wi th form- 
ing, non-virialized structures JCen fc Ostrikerll999l) . There- 
fore, even a contribution from cold, forming clusters/groups 
should be included in the WHIM budget. 

Summarizing, the scenario that better explains the cor- 
relation between galaxies and cold gas emitting at | keV is 
that a fraction of the diffuse soft X-ray emission is due to 
WHIM associated with the galaxy distribution in the SSC. 

In order to further investigate the latter scenario we 
have also tried to estimate the density of the emitting gas. 
Such estimate is very uncertain, since we do not have much 
information on the geometry of the emitting gas (the WHIM 
emission is disentangled only through a statistical analysis 
over a wide field). Moreover, we do not know exactly what 
fraction of the j keV emission is actually emitted by the 
WHIM: indeed, although we measure a flux for the \ keV 
diffuse emission, the weak correlation with the galaxy dis- 
tribution may either indicate a real, physically weak asso- 
ciation between galaxies and WHIM, but may also point 
at a significant dilution from other unrelated X-ray compo- 
nents (foreground and background emission, Sect. 1). We 
have estimated the density of the gas emitting the soft X- 
ray radiation by making extreme, opposite assumptions on 
geometry of the gas (i.e. either distributed only in the pu- 
tative filaments of Fig. 2, or over the whole field where the 
cross-correlation was performed) and on its contribution to 
the j keV emission (i.e. either contributing to the whole 
LHB-subtracted R2 emission, or only to the 20% responsible 
for the correlation with galaxies). The inferred gas densities 
range from 4 x 10 -6 cm -3 (5 ~ 15), well in the range of the 
WHIM specifications, up to 10 -4 cm -3 (S ~ 400) which 
may be expected for WHIM in the proximity of clusters 
(Sect. 1). 

Finally, we shortly discuss the nature of the marginal 
correlation between galaxy distribution and X-ray emission 
in the hard, R67 band (and some of R45), limited to "hot" 
temperatures (Fig. 5). This can be easily explained in terms 
of contribution from a population of unresolved, weakly ob- 
scured AGNs. Indeed, a small absorbing column density of 
Nh ~ 0.5 — 1 x 10 21 cm -2 is enough to absorb most of the 
| keV flux, while leaving nearly unaffected the harder bands. 
Moreover, AGNs have R45/R67 colors nearly identical to 
"hot" plasma (see Fig. 4). Unresolved, obscured AGNs cer- 
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Figure 5. Correlation coefficient between galaxy distribution and X-ray emission, for the three ROSAT bands ( -g keV, j keV, 1.5 keV, 
from top to bottom), as a function of the [| kcV/1.5 keV] ratio. The vertical dotted lines indicate the plasma temperatures, as labelled 
an top of each panel for a metallicity 0.3 Zq, corresponding to specific values of the [j keV/1.5 keV] ratio. Arrows show the shift of the 
dotted lines in case of a metallicity of 0.1 Zq. The data are grouped in three main bins of temperature ("hot", "medium" and "cold"). 
For each bin we indicate median value of the [| kcV/1.5 keV] ratio. The upper panel is for the Spearman's correlation coefficient while 
the lower panel is for the Pearson's correlation coefficient. 



8 Zappacosta et al. 



tainly contribute significantly to the X-ray background an d 
span a wide range of absorbing Nh dMainieri et al.l l2002). 
Small amount s of X-ray absorption is also detected in several 
type 1 AGNs llMaiolincl200ltlMaiolino et al.l200ll) which are 
the d ominant popul ation found by ROSAT llLehmann et alJ 
120011) and Chandra (iBarger et all200dlSzokolv et all2004) . 
Therefore, it is expected that a fraction (10-20 per cent) of 
unresolved AGNs which contribute to the diffuse signal de- 
tected by us are also slightly absorbed. These slightly ob- 
scured, unresolved AGNs (probably also belonging to the 
SSC) are probably responsible for the correlation in the hard 
band, and not in R2, for "hot" X-ray colors. 



6 CONCLUSIONS 

We have investigated the emission from Warm-Hot Inter- 
galactic Medium (WHIM) associated with large-scale struc- 
tures in the central region of the Sculptor supercluster 
(z » 0.1). Ten overlapping ROSAT PSPC fields, covering 
the central 8.3x6.4 deg 2 of the supercluster, were analysed. 
After removal of the point sources, the ROSAT maps show 
indication of diffuse, filamentary structures, in some cases 
connecting known clusters of the Sculptor. The diffuse emis- 
sion spans a wide range of X-ray spectral shapes: from rel- 
atively hard emission expected for clusters and unresolved 
AGNs, to very soft emission expected for WHIM. 

To investigate the nature of the diffuse X-ray emis- 
sion we have cross correlated the X-ray flux with the den- 
sity of galaxies obtained from the Miinster redshift catalog 
(whose galaxies mostly belong to the Sculptor superclus- 
ter in this region). The correlation has been analyzed as a 
function of the gas temperature (or X-ray spectral shape). 
The most important result is the finding of a significant cor- 
relation between the diffuse soft (0.1-0.3 keV) X-ray flux 
and the density of galaxies at the coolest gas temperatures 
(kT<0.5 keV). Such a correlation is interpreted as emission 
by WHIM associated with the galaxy distribution. 

We have also investigated the possible contribution to 
the diffuse soft X-ray emission, and to the correlation with 
galaxies, due to individual galaxies and by cold clusters. We 
have found that in both cases the contribution is negligible. 

We have also detected a weak, marginal correlation be- 
tween the harder X-ray flux (1.5 keV, R67 band) and the 
density of galaxies at apparently higher gas temperatures 
(kT~l keV). The latter correlation is ascribed to slightly 
obscured, unresolved AGNs. 
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APPENDIX A: THE CONTRIBUTION FROM 
COLD GROUPS OF GALAXIES 

Groups of galaxies are poorly studied objects because of 
their elusive nature both in the X-rays and optical. One 



of the largest samples studied so far dMulchaev et al.ll2003h 
contains 109 low-redshift galaxy groups. It is a collection of 
several catalogs of groups selected both in X-ray and opti- 
cal. In this catalog temperatures have been derived only for 
a subsample of 61 objects that show also extended diffuse 
emission. The temperatures derived for these clumps range 
from 1.5 keV down to 0.4 keV. The latter overlaps the range 
of WHIM temperatures. As a consequence, "cold" groups 
could mimic the WHIM behavior, both in terms of X-ray 
spectral shape and correlation with galaxies. Therefore, it 
is important to quantify the density of "cold" clusters and 
to estimate their contribution to the soft X-ray emission. 
The coldest groups (kT < 0.5 keV) are also the smallest 
(Rx < 120 kpc) and the least luminous (Lx < 10 41 ' 2 erg/s). 
To calculate the fraction of area expected to be covered by 
groups we have used th e catalog of groups d etected by the 
ESO Slice Project fESP: lRamella et all 19991) in a field close 
to the SSC region (~ 10 deg away). The survey has been 
done in two strips. We consider only the area near to the 
SSC (strip A; 22 x ldeg). In this region they found 190 
groups up to redshift z = 0.2, ~ 71 at redshifts below the 
zssc, and only 18 below 2 = 0.05. We can assume the ex- 
treme scenario that all groups are colder than 0.5 keV and 
that all of them have a size Rx ~ 120 kpc (which is the 
maximum size found among cold groups). With these as- 
sumptions, we can calculate what is the maximum fraction 
of our field occupied by cold groups in the following redshift 
ranges: 0-0.05, 0.05-zssc, zssc-0.2. To make things simpler 
we calculate the angular sizes of groups in these bins using 
the mean redshift value, except for the last one where we 
assume that all groups have redshift zssc- We exclude from 
the sample all the identified groups with 3 galaxy members 
because almost all these groups do not sh ow diffuse emis- 
sion t hat can contribute to the correlations iMulchaev et alJ 
2003). With these extreme, conservative assumptions we ob- 
tain that at most 1 per cent of the pixels in our image could 
be significantly contaminated by cold groups emission. This 
means that cold groups cannot contribute to the correlation 
found in regions with kT < 0.5 keV. 
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